Abstract
This study dealing with risks to the aquatic ecosystem imposed by the application of pesticides in the Netherlands made use of a novel method to calculate aquatic exposure to a large variety of pesticides (261 in total), which is worked out in detail here. Since the entire calculation is founded on GIS-based maps of agricultural land use (51 crops in open culture), it is possible to generate country-wide maps of the results. Through the application of Sensitivity Distributions for aquatic species (SSD), in combination with rules for mixture toxicity calculation, the modeled exposure is transformed to a risk estimate for the species assemblage in the aquatic ecosystem. The risk is expressed as the proportion of species likely to be suffering any effect from the exposure. In the summary of the risk maps, the majority of predicted effects is observed to be caused by the pesticide application practice in growing potato crops: 95% of the predicted risk is caused by only 7 of the 261 pesticide ingredients. The maximum local risk of pesticide use is estimated to affect about 50% of species. For the purpose of validation, local toxic risk estimates were compared to observed species composition in field ditches using simple statistical methods (regression analysis). However, the number of field observations was not sufficient enough to generate quantitative results. The unexplained variability in the biotic field data collected by a range of non-aligned monitoring networks does not allow highly significant conclusions. Nevertheless, there is a weak indication that the predicted risks are associated to biodiversity changes in fieldexposed communities. • Direct transport van spuitnevel naar kavelsloten;
• Droge depositie van gasvormige bestrijdingsmiddelen in sloten;
• Natte depositie van bestrijdingsmiddelen door uitregenen in sloten;
• Afstroom-en drainagewater dat van het veld de sloot in loopt;
• Adsorptie van bestrijdingsmiddelen aan bodemmateriaal;
• Afbraak van bestrijdingsmiddelen in sloot en bodem.
De berekende aquatische blootstelling aan bestrijdingsmiddelen wordt met behulp van de verdeling van de gevoeligheid over soorten waterorganismen en regels voor combinatietoxiciteit omgezet in een maat voor het ecotoxicologische risico. Dit risico wordt uitgedrukt als de fractie van de soorten die geacht worden te zijn blootgesteld aan een concentratie of mengselconcentratie die uitgaat boven het niveau waarop geen effecten meer optreden.
De diverse berekeningen zijn per gridcel van 500 x 500 meter uitgevoerd voor het hele droge areaal van Nederland. Het maximum risico dat voor enige gridcel in NL is berekend bedraagt 51%. Het risico komt, omvang en oppervlakte gewogen, voor 58% voor rekening van de aardappelteelt. Slechts 7 van de 261 stoffen dragen voor 95% bij aan het berekende risico. Van deze 95% nemen 2 verschillende fungiciden met 60% het leeuwendeel voor hun rekening. Een drietal insecticiden draagt voor 29% bij aan het risico, terwijl de resterende twee herbiciden voor 7% van het risico verantwoordelijk zijn.
Het risico, in termen van de potentieel aangetaste fractie van de soorten, is vergeleken met de door waterkwaliteitsbeheerders gemeten soortensamenstelling van macrofauna en waterplanten in sloten. Ondanks de beperkte beschikbaarheid van waarnemingen en een grote mate van onverklaarde variabiliteit in de dataset, is er een zwakke indicatie dat het berekende risico gerelateerd is aan een verarming van de macrofauna soortensamenstelling in het veld.
Voor de waterplanten is een dergelijke relatie niet aantoonbaar, hetgeen vermoedelijk wordt veroorzaak door het geringe aandeel van de herbiciden aan het berekende risico.
Summary
This study demonstrates that it is possible to calculate the ecotoxic risk associated with the use of pesticides. This risk estimate is calculated from the agricultural landuse map of the Netherlands for the year 1998. The 51 different open air cultured crops all have a standard regimen of pesticide application. It total 261 active substances are used as pesticide ingredients. In a flat and wet country, like the Netherlands, it is highly likely that a considerable proportion of the applied pesticides is transferred to surface water. The exposure of surface water (adjacent field ditches) is calculated, taking the following processes into account:
• Direct spray drift;
• Dry deposition of airborne pesticides;
• Direct rain deposition of airborne pesticides in ditches;
• Run-off and drainage from the crop field to adjacent surface water;
• Adsorption to soil particulates and soil organic matter;
• Degradation in soil and surface water.
The calculated exposure of the field ditch is converted to the estimate of risk by applying species sensitivity distributions and theory on mixture toxicity. The risk is expressed in terms of the fraction of species that is expected to be exposed to concentrations or mixture concentrations exceeding the levels where effects are considered negligible.
All the calculations are performed per gridcell of 500-meter square for the entire dry area of the Netherlands. The maximum risk calculated for any gridcell mounts up to 51%. Risk and area-wise, 58% of the risk can be attributed to the culture of potato crops. If the exposed area is also taken into account, only 7 out of 261 pesticide ingredients contribute to 95% of the risk. The 95% contribution to the overall risk can be attributed to two different fungicides (60%), 3 insecticides (29%) and 2 herbicides (7%).
The calculated risk in terms of the potentially affected fraction of species is compared to measured data on the species composition in field ditches. Despite the few observations available, that are also of relatively poor quality, there is a weak indication that the predicted risk is reflected in a comparable reduction in the diversity of macrofauna species. For the macrophytes this phenomenon could not be detected, most probably due to the small contribution of herbicides to the overall risk.
Introduction

Problem definition
The Netherlands is a small country with a very intense agricultural practice. is dedicated towards open use for culturing crops and feeding cattle. In 1998, a total amount of 6.5 million kg of a variety of 261 different active pesticide ingredients was applied to grass and crop lands together. The Netherlands is also a very flat, low-lying country. About half the country is about level with the sea. Without dunes and water barriers, more than half of the Netherlands would be flooded. The highest point is only 300 m above sea level. Therefore, the agricultural land is drained by an extensive system of man-made ditches. The ditches are connected to canals, from where the excess water is pumped to rivers and eventually to the sea. In the lower regions of the country, the ditches form a network with an interdistance of between 25 and 100 meters. The many dykes, locks, pumping stations, flood barriers, canals and ditches keep the Netherlands habitable. Due to these geographical conditions, it is very likely that a considerable proportion of the pesticides applied to agricultural land is unintendedly transferred to the water in the field ditches. The question is, whether this unintended exposure bears risks for the aquatic community.
Towards quantification of risks
With the input of the type and area of 51 different crops grown in the open air (including grass land) for about 120,000 gridcells of 500 * 500 m, together with a standard weekly agricultural regimen in applying pesticides to those crops, a GIS-based (Geographical Information System) estimate of pesticide concentrations in those ditches is generated.
Exposure pathways and processes incorporated in the calculations of water concentrations include: 1. Aquatic exposure by direct spray drift; 2. Run-off and drainage from the soil (R&D); 3. Wet and dry deposition for airborne pesticides; 4. Sorption to soil particulates; 5. Leaching to deeper groundwater; 6. Degradation in soil and water.
By using sensitivity distributions for aquatic species, together with criteria for mixture toxicity evaluation , the calculated concentrations are transformed into an ecotoxic risk estimate for the aquatic community, that is also GIS-based. The risk is expressed as the multi-substance Potentially Affected Fraction of species (msPAF), that is defined as the proportion of species exposed to a mixture of pesticide concentrations exceeding their respective Predicted No Effect Concentration (PNEC).
Local and regional water management in the Netherlands is in the hands of regional Water Authorities. The Water Boards are responsible for flood control, water quantity, water quality and treatment of urban wastewater. All of the about 35 Water Boards do operate a monitoring network. Concentration of pollutants and classical water quality variables are regularly measured in combination with the occurrence of aquatic species. Though very elaborately quantified, the measured concentrations of pesticides (about 500,000 records over the past 10 years) do not reflect actual aquatic exposure. This has been concluded in a qualitative pilot study performed in 1999 (not reported). Lack of realism in measured pesticide concentrations may in part be due to the fact that the sampling schemes are not adjusted to the regimen of pesticide application. There may also be regional discrepancies between the types of pesticide measured and the types of pesticide used. Furthermore, lack of realism may be caused by analytical difficulties in quantifying low concentrations of pesticides in the medium "surface water".
Calculating the aquatic exposure concentrations from the types of crops locally grown has the advantage that the modeled effects can locally be attributed to the types of crops, as well as to the types of pesticides. This enables us to conduct scenario studies that can guide policy decisions in spatial planning and in pesticide regulation.
Aims
In this report it is tried to: 1. Calculate concentrations from the use of pesticides and compound behavior; 2. Calculate the ecotoxic risk per compound and for the mixture as a whole; 3. Associate calculated risks with pesticides, crops and observed species occurrence in the field.
Available data
Data on active pesticide ingredients
In this study a total of 261 active pesticide ingredients is evaluated (Appendix 1). For all of those chemicals it was possible to generate estimates of the properties presented in Table 2 by consulting open literature and the internet, as well as by querying publicly available databases on chemical properties. Toxicity of the compound for a variety of aquatic species, sub-divided in major taxon. Needed for constructing species sensitivity distributions that form the basis for toxic risk estimation Toxic mode of action TMoA An indication of the molecular processes affected by the chemical. 99 different modes of action are recognized. Needed for taking decisions on applying a concentration-or a response addition strategy in calculating the combined risk of exposure to multiple chemicals
Grid-based soil properties
From the 500-m square gridcell-based soil map of the Netherlands (De Vries and Denneboom, 1992) , a number of soil properties were extracted as presented in Table 3 . Table 3 Soil properties in the Netherlands.
The fraction of organic matter in the soil. Needed to calculate the concentration of pesticide in run-off and drainage water as interpolation input for the metamodel PEARL f water The fraction of surface water per gridcell. Needed to calculate the additional effect of exposure to the pesticide content in drainage and run-off water Soil permeability (m/d)
The leeching velocity of water in soil in meters per day. Needed to calculate the proportion of precipitation excess that will end up as run-off and drainage water
Climatic data
Over the years 2000-2001, TNO operated a monitoring program, quantifying the amount of deposition (mm) at 18 stations in the Netherlands per period of 4 weeks (TNO, 2002) . The measured amounts of deposition were converted to nation-wide 10-km square gridcell-based maps of 4-week average deposition by applying kriging interpolation. The weekly amount of rain is calculated as ¼ of the 4-weekly amount.
Daily average temperature data over the period 1991-2000 (file: etmgeg_260_1991.gz) were obtained from KNMI (www.knmi.nl/product, September 2003). Weekly potential evapotranspiration (PET) was calculated from the 10-year series of daily average temperature values, using the relationship between T and PET from the 30-year monthly averages given in Table 4 . 
Land use and Crops
Geographical 
Direct spray drift of pesticide ingredients to a field ditch
Per crop and per active ingredient, the direct spray drift to a standardized adjacent field ditch is given by ISBEST 4.0 (kindly received from Alterra). The drift given by ISBEST is expressed as the percentage of the applied dose (kg/gridcell) transferred to a hectare of surface water ([Drift (%Dose)]).
Direct transfer of pesticide ingredients to the soil
Based on the application data for the individual pesticide ingredients per week, per crop and per gridcell, together with chemical properties, ISBEST 4.0 generated data on the average fraction of the ingredients transferred to the soil ([SDvsUse]).
Pesticide ingredients in air and wet precipitation
Over the years 2000-2001, TNO operated a monitoring program, quantifying the amount of pesticide ingredients in air and deposition at 18 stations in the Netherlands (TNO, 2002) . 34 pesticide ingredients were selected for this monitoring program by virtue of their ability to evaporate and get airborne. Both the air and deposition quantities of pesticides were converted to nation-wide 10-km square gridcell-based maps by applying kriging interpolation. The concentration in air was expressed in ng/m 3 , averaged over a 4-week period. The quantity of pesticide constituents in rainwater was given as a load expressed in grams per hectare per 4-week period. Divided by 4 this yielded the estimated weekly load (g/ha/wk), as used in the current analysis.
Pesticide concentration in run-off and drainage water
The model "PEARL" (Leistra et al., 2000 ) generated a table giving the pesticide concentrations in run-off and drainage water (pore water) after application of 1 kg per hectare as a function of two chemical properties of a range of imaginary pesticides: 1. Half-life in soil (DT50), ranging between 1 and 200 days; 2. Partitioning between soil organic matter and pore water (Kom * f om ), ranging between 0 and 200 (l/kg). The table is generated under the assumption that the soil contains 4.7 percent of organic matter.
Chemical and species monitoring data in ditches
For the year 1998, the Water Boards operated an ecological monitoring network that provided species census data for 257 field ditches in the Netherlands where macrofauna and macrophyte data were collected. The data were retrieved from the Limnodata Neerlandica database, kindly received from Royal Haskoning (Status: April 17 th , 2003). The database comprised counts of 1007 macrofauna and 291 macrophyte taxa. Removing extremely scarce species, a total of 344 macrofauna and 113 macrophyte taxa were retained. If a station was evaluated two or more times during the year 1998, the maximum count per taxon was used. The taxa comprised individual species, as well as higher taxonomic levels. For ease of language, the term "species" will be used for all taxonomical entities.
The biological dataset was matched by a chemical dataset for 212 out of 257 stations. The dataset was comprised of data on the local concentrations of Chloride, Total phosphorus, Kjeldahl Nitrogen, Dissolved Oxygen and pH. If the stations were visited several times over the year 1998, the average was taken over the number of observations.
3.
Methods for calculating exposure
Exposure assumptions and data storage
In order to simplify the exposure calculations, the following assumptions were made: 1. All calculations are performed for a standardized ditch. A standard ditch is assumed to have an overall width of 1 m and a depth of 0.30 m, with sides sloping 45 degrees. One meter of standard ditch thus has a water content of 210 liters. 2. All fluxes of pesticide input to the ditches are weekly assumed to take place at a single moment in time. 3. The surface water in the ditches is assumed to be completely stagnant, despite the input of rain and drainage water. 4. All calculations, including the risk estimation, are performed one gridcell at a time, without taking influences of adjacent gridcells into account.
• Intermediate results are stored in a temporary database, being discarded after a round of single gridcell calculations.
• 
Concentration of pesticide ingredients in rain water
Using TNO data per week and per pesticide ingredient, the concentration of 34 pesticide ingredients in rainwater is calculated: 
Aquatic exposure by dry deposition
Using the (TNO-derived) 4-week maps of average concentration of 34 pesticides ingredients in air, together with the downward dry deposition velocity to water in centimeter per second, the dry deposition exposure to the standard ditch was calculated per gridcell and per ingredient:
[ 
Soil loading by dry deposition of pesticide ingredients, B
Using the (TNO derived) 4-week maps of average concentration of 34 pesticides ingredients in air, together with the downward dry deposition velocity to soil in centimeter per second, the weekly dry deposition exposure on soil was calculated:
Total loading of soil
Per pesticide ingredient and per gridcell, the total loading of the soil (kg/ha/wk) is the sum of the three soil loadings A, B and C.
[TotalSoilLoad (kg/ha/wk)] = A + B + C
Concentration in run-off and drainage water
The meta-model "PEARL", the Kom partitioning coefficient of the pesticide and the soil organic fraction were used to calculate the concentration of pesticides in run-off and drainage water (R&D). DT50(d) in soil can be calculated from the degradation rate constant, [kS (1/wk)]:
• Ct = Co*e -kS*t(wk)
• Ct/Co = e -kS*t(wk)
• ln ( The actual partitioning in the field requires a correction for the local fraction of organic matter:
To calculate the concentration of a particular pesticide in R&D-water [Concentration in R&D (µg/l)], the "PEARL"-table is interpolated with the actual pesticide specific values of DT50(d) and K*. The result is subsequently multiplied by the total soil loading of the pesticide ingredient [TotalSoilLoad (kg/ha/wk)] for the gridcell.
Amount of R&D water transferred to ditch
According to Meinardi and Schotten (in prep.) , the fraction of precipitation surplus (precipitation -potental evapotranspiration) that is transferred to surface water by R&D-water is related to soil permeability. The empirically derived relationship is given in Figure 1 . 
Iteration of the weekly concentration in ditch water
All the above calculations are performed for a single gridcell at a time, for all 261 pesticide ingredients and for all 52 weeks in the year. The results are stored in a temporary database that is discarded as soon as the toxic risk is calculated.
Per ingredient, the iteration starts with calculating the concentration that is left over from last week's final concentration after one week of degradation in the water of the ditch: Furthermore, the weekly individual pesticide load is attributed to the origin of the exposure in terms of percentages of pesticide originating from past week exposure (old), drift exposure (drift), dry deposition (dry), wet deposition (wet) and R&D, respectively. In order to stabilize the concentration of pesticide ingredients remaining from past week, this iteration loop is continued for 5 times 52 weeks (5 years). The first week of the first year, the final concentration from past week is set to 0. The first week of the second year, the final concentration from past week is set to the final concentration of the last week of the first year, etc.
Gridcell-based concentration results
This final calculation in the exposure assessment yielded weekly concentrations of the 261 pesticide ingredients in field ditches, together with the percentages of load origin per gridcell. Without proceeding to the next gridcell, the calculated data were handed over to the routine for risk calculation. Only after finalizing the risk calculation routine, the concentration calculation routine is repeated for the next gridcell.
4.
Methods for calculating toxic risk for aquatic species
The method of toxic risk calculation
Toxic risk is calculated by the Species Sensitivity Distribution (SSD) methodology ). An SSD-curve (Figure 2) is a cumulative distribution function of laboratory derived toxicity data for a single toxicant. SSD-curves are used to derive Environmental Quality Criteria (EQC) and to quantify ecotoxicological risk. As an EQC, the Hazard Concentration for 5% of the species (HC 5 ) predicts an environmental concentration below which only an acceptably small proportion of species (5%) would be affected. As a risk estimate, the SSD is used to predict the proportion of species exposed to a concentration generating some kind of effect (the Potentially Affected Fraction: PAF). In the present study, the SSD-curves are assumed to follow a log-normal distribution. 
Figure 2 Exemplary cumulative probability distribution of species sensitivity fitted (curve) to observed chronic toxicity values (NOEC; dots). The arrows indicate the inference of a Potentially Affected Fraction of species (PAF-value) and the HC 5 .
The laboratory derived toxicity data for the pesticide ingredients were derived from the RIVM e-toxBase database. Both acute median effect concentrations (EC 50 ) and chronic No Observed Effect Concentrations (NOEC) were 10 log transformed before calculating the average log(toxicity) (AVG) over major taxonomical groups of organisms and the associated standard deviation (STDEV). In case sufficient chronic toxicity data were available, risk evaluation was based on NOEC. For many of the pesticide ingredients, chronic data were extremely scarce. In those cases, the risk calculation is performed with chronic toxicity data extrapolated from acute observations. The acute SSD is left shifted by a factor of 10, or in other words: AVG chronic = AVG acute /10 and STDEV chronic = STDEV acute 
Toxic risk per pesticide ingredient
From the calculated weekly exposure concentrations, the toxic risk for individual pesticide ingredients and major taxonomical groups can be calculated by the MS Excel function NORMDIST(x, mean, standard_dev, 1), that returns the normal cumulative distribution for the specified mean and standard deviation:
The toxic risk per ingredient and per major taxon was subsequently averaged over the major taxonomic groups:
The total permanent dataset to be generated by this calculation would be too large to be stored (122000 * 261 * 52 ≈ 1.7 giga-records 
Overall toxic risk
The combined toxic risk of all 261 pesticide ingredients is evaluated by sequentially applying the following calculations 4. This final calculation would eventually contain about 6.5 mega-records (122000 * 52), which is too much too be stored permanently. Therefore, for all gridcells, the average [msPAF per 4 week period] is stored for future use (1.6 mega-records).
Handling temporary data, and subsequent gridcell analyses
After this step in the calculation, the temporary database is emptied, and the next gridcell is selected. 
Method for validation of toxic risk
The risk scale (PAF) is dimensionless, but based on the sensitivity of species under lab conditions. In view of these facts, the association between risk and changes in biodiversity is not obvious. However, if the calculated overall toxic risk of pesticide exposure to aquatic species, that is expressed as the proportion of species expected to suffer effects from the exposure, is considerable and properly scaled, it is expected that this will be reflected in the species composition in the field.
Pesticide toxicity is not the only environmental condition governing species composition. A plethora of physico-chemical and habitat characteristics, as well as biological interactions all determine the type of community to be expected. The observed species composition in the field, in terms of the number and abundance of species, may directly be related to the predicted toxic risk of pesticide exposure. This will be easy to determine when the driving force of pesticide toxicity has a major influence over other driving forces. However, in view of the absence of extreme exposure levels, and the expected relevance of other driving forces, this approach was considered unlikely to yield sufficient explanatory power.
In order to be able to isolate the possibly slight effects of pesticide exposure from a dataset on measured biodiversity, as many as possible of the other driving forces have to be taken into account. Since the available dataset on biological and chemical observations in the field is only comprised of 212 sites, it is statistically impossible to include many of the variables possibly governing the waxe and wane of species. The number of predictors (related to degrees of freedom) should be at least a factor of about 10 less than the number of observations. Especially, with habitat characteristics that are generally expressed in categories the degrees of freedom will quickly exceed this requirement. It was therefore decided to limit the analysis to a few chemical water characteristics, next to pesticide toxic risk. The chemical characteristics used (pH, Chloride (Cl), Total P (TP), Kjeldahl N (KN) and DO) were selected based on an earlier analysis of the importance of factors determining aquatic community composition (Ertsen and Wortelboer, 2002) . The influence of individual environmental predictors can only be discerned if the variables are not highly correlated. The dataset of chemical observations in field ditches, joined with the corresponding yearly average of estimates on total toxic risk (msPAF) was therefore analyzed to reveal correlation structure. The association between the observed abundance of the macrofauna and macrophyte species and the 6 abiotic predictors was established by Generalized Linear Model regression (GLM, McCullagh and Nelder, 1989) , yielding a GLM model for every species. Assuming a Poisson distribution, species-specific regressions took the form: The 6 predictors were added stepwise to the model with linear and quadratic terms. The quadratic terms were introduced to address non-linear response relationships, such as optima. The stepwise procedure used the Bayesian Information Criterion (BIC, Schwarz, 1978) to restrict the addition of terms to those that have a significant contribution to the overall model (P < 0.05), making the full model highly significant. Calculations were conducted using SPlus 2000, Professional Release 3 (MathSoft, Inc., Cambridge, MA, USA). The models are used to isolate the driving force of predicted pesticide toxicity on species assemblage.
6.
Results and discussion
Toxic risk of individual pesticide ingredients
Only 46 out of the 261 pesticide ingredients used produced a non-zero risk in one or more of the nation-wide gridcells. This implies that for 215 out of 261 pesticide ingredients the physico-chemical behavior of the compounds, in combination with the sensitivity of aquatic species, produced no significant risk for these species in field ditches. The national average of the toxic risk for individual pesticide ingredients over gridcells (zero values excluded) is shown in Table 8 (Avg PAF). The number of gridcells where the pesticide is calculated to be responsible for a non-zero risk is counted (#Gridcells). The pesticide ingredients are linked to the crops they are applied on, as well as to the proportion of the pesticide applied to a particular crop (Proportion of use). This table is further condensed by excluding 21 ingredients having an average risk below 5%, by grouping the 51 crops to 12 categories (see Table 9 ), and by excluding crop categories receiving less than 5% of a particular ingredient. Table 8 makes it possible to score the crop categories on respective impact on pesticide toxic risk. Per crop category, the sum over pesticide ingredients is taken of the average PAF multiplied by the number of gridcells, multiplied by the proportion of use
). In Table 9 , these sums are expressed relative to each other. The number of pesticide ingredients per crop category is also indicated. On a nation-wide scale, it can be concluded that only 7 pesticide ingredients account for 95% of risk for the aquatic community. This is calculated by multiplying the Avg PAF of an ingredient with the number of gridcells where this ingredient is producing non-zero risk ( With 58% of responsibility for aquatic risk (Table 9 ), the culture of potatoes contributes most prominently to toxic risk.
For the 46 pesticide ingredients, Table 10 gives the average percentage of the origin of pesticide loading in ditches. For most ingredients, the amount left over from past week's exposure (Avg%Old) is the most prominent (58%). Drift exposure (Avg%Drift) is the second most important exposure pathway (33%), followed by the amount of pesticide in rain (Avg%Wet, 5%). Dry deposition (Avg%Dry), as well as run-off and drainage (Avg%R&D) are negligible as pathways of exposure. 
Frequency distribution of total toxic risk (msPAF)
The frequency distribution of toxic risk for the aquatic ecosystem, associated with the agricultural use of pesticides is given in Figure 3 . Up to 75% of gridcells in place and time are expected to suffer minor impact with up to 5% of species affected. The maximum predicted impact of a mixture of a mixture of ingredients is estimated as 51%.
Mapping of total pesticide risk in field ditches
The 4-week average total toxic risk of pesticide use for the aquatic assemblage of species is depicted in the maps presented in Figure 4 . From left to right, and from top to bottom, the maps represent the 13 periods of 4 weeks in 1998. White gridcells indicate a lack of data. The lightest pink color indicates an average toxic risk affecting less than 5% of the aquatic species potentially present in the field ditches. Increasingly, darker colors represent higher levels of expected effects.
The first three month of the year hardly any pesticides are used, and the toxic risk of the pesticide mixture stays below 5%. In April the pesticides start to be used. Overlaying the risk maps with the known distribution of crops, it can be identified that mainly the culture of flower bulbs, plant potatoes and fruit trees are responsible for this onset. The months of the year that suggest highest risk of pesticide use for aquatic species are June to August. The risks for the last three 4-week period are associated with the application of soil fumigation disinfectants, mainly in the flower bulb area. 
Effects of modeled risk: GLM-regression results
The abiotic set of field observations at 212 sites, that was used to explain the observed abundance of species, is having a correlation structure as presented in Table 11 . The lower part of the table is giving the correlation coefficients (r), while the upper shaded part is related to the significance of the correlation. In the upper part, bold print is indicative for the few significant relationships between the variables. Pesticide toxic risk (msPAF) only has a significant correlation with the chloride concentration (P<<0.001). As can be judged from examining Figure 5 , this is due to only 4 outliers in the chloride data. It was decided not to correct for the chloride outliers in the abiotic dataset. The final objective of this study was only to relate the modeled risk of pesticide use to the species composition in the field. The analysis is specifically not meant to allow for a realistic prediction of community composition in field ditches. Therefore, the observed significance in the correlation of the other predictor variables was considered of less importance, as was the omission of habitat characteristics that generally have a very important influence on species composition. The scatterplot matrix in Figure 5 gives an idea about the value ranges of the variables in the abiotic dataset. Of the 344 macrofauna and 113 macrophyte species entered in the GLM regression, 306 and 92 species, respectively, did produce a regression formula with significant explanatory capacity for one or more of the 6 predictor variables. Figure 6 shows the frequency distributions of the explained deviance of the regressions for macrofauna (average 35%) and macrophyte species (average 20%). Figure 6 Frequency distributions of explained deviance in the GLM regression.
The regressions were also conducted without the addition of total toxic risk (msPAF) to the formulae. The average relative reduction in explained deviance by excluding msPAF was 16% and 10% (absolute: 6% and 2%), respectively for macrofauna and macrophytes.
When the values of the abiotic predictors for each of the 212 sites are substituted into the calibrated regression formulae, the part of the linear predictor related to msPAF
) is giving an indication of the "driving force" of toxic risk in terms of the abundance of the species. The msPAF part of the linear predictor is called "contribution of msPAF". Negative values of the contribution indicate a force lowering the species' abundance; positive terms increase the abundance. In Figure 7 the msPAF contribution, irrespective of positive or negative contributions, is averaged over the respective groups of species, and plotted against the local toxic risk (msPAF) for the aquatic community. 
Figure 7
The relationship of mixture toxic risk and the modeled contribution of msPAF in terms of driving force to species abundance, separately for macrofauna and macrophytes. Figure 7 illustrates that the macrophytes are relatively insensitive to the modeled pesticide toxic risk of pesticide mixtures. This is most probably due to the fact that only two herbicides, comprising 7% of risk, are amongst the top-7 pesticides (see page 33). The assembly of macrofauna species in the field is more strongly associated to mixture risk. Up to a toxic risk of about 10 percent, the toxicity is not reducing the abundance of species. When pesticide mixture risk is increasing, average modeled species abundance is gradually forced lower.
In terms of the predicted abundance of species (related to probability of occurrence), the negative trend of the msPAF-contribution with increasing toxic risk means that a sizeable abundance of species that may be predicted by the other predictors is gradually multiplied by an increasingly small number (minimum is: e -50 ≈ 10 -22
) at higher toxic risk. This implies that it becomes more and more likely that average species abundance, and thus probability of occurrence, is reduced at higher toxic risk of pesticide use.
Effects of modeled risk: Comparison with field data
A very weak relationship can be observed between predicted mixture risk values and the species composition in the field, both in terms of the number of species (Figure 8 ) and the overall abundance of individuals summed over species (Figure 9 ) in the macrofauna and macrophyte assemblages of species. To be able to observe these weak regression trends in the available biotic data, species with very high numbers at individual sites (>1400) and very scarcely occurring species (less than 10 individuals in the entire dataset) had to be removed from the analysis. The increased scatter introduced by those species totally obscured the weak signal present. After this treatment the dataset comprised 299 macrofauna and 106 macrophyte species. The high spread of the data can be caused by the fact that the data were gathered by about 35 different authorities, each operating their respective monitoring network with a non-standardized input of effort, skill and methodology. Although the slopes of the regression lines are clearly not significant (R 2 macrofauna,# species is 0.027 and R 2 macrofauna,total abundance is 0.01), the percentual difference between the predicted number of macrofauna species at the calculated risks of 0% and 38% is 43%. For the number of macrofauna individuals, the percentual difference is 38%. Both reductions in species and individuals correspond remarkably well to the predicted risk of pesticide use for the aquatic community. Figure 10 gives the ranking distribution of the correlation coefficients between the pesticide toxic risk values (msPAF) and the observed abundance of individual species, separately for macrofauna and macrophytes. Over the 212 monitored sites, 29 percent of the macrofauna species (n=299) have a positive correlation between their abundance and toxic risk. These species may be marked "opportunists" since they most probably display indirect effects by filling the gap left by the 71% of "sensitive" species that are reduced in abundance with increasing toxic risk. For the macrophytes (n=106) the percentages of opportunist and sensitive species are 20 and 80 %, respectively. Figure 10 clearly illustrates why diversity indices are not very sensitive indicators for ecological effects over a wide range of toxic exposure. Very often, diversity effects are obscured by a shift in species composition. Some species are reduced and others are increased in their abundance, leaving the change in biodiversity indices neutral, while biodiversity itself changes considerably. Without the attribution of a tolerance score to the individual species or without relating the species composition to a reference community, it is generally impossible to demonstrate toxic effects on diversity, unless an extremely high toxicity is detrimental to the majority of species. Table 12 gives the top-10 listing of both sensitive and opportunist species in macrofauna and macrophytes, respectively. At the moment, there is not sufficient knowledge available to compare the listing in table 12 to a known sensitivity of the individual species. 
Figure 8
The relationship of the observed number of species and toxic risk for macrofauna and macrophyte species. 
Figure 9
The relationship of the observed number individuals and toxic risk for macrofauna and macrophyte species. The present validation study only gives an indication that the effects on aquatic ecosystems, predicted from the crop-based use of pesticides, may indeed be realistic. However, the available data on species abundance for the year 1998, obtained from the monitoring network of the Water Boards, proved to be too low in coverage (only 212 sites) to be quantitatively conclusive. 
